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PHWKRGV PLFURIOXLGLF GHYLFHVKDYHDGYDQWDJHVRI UHGXFHGVROYHQW UHDJHQWDQGFHOO FRQVXPSWLRQ VKRUWHU UHDFWLRQ
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U GHQVLW\RIIOXLG
Q NLQHPDWLFYLVFRVLW\RIIOXLG
9 YHORFLW\YHFWRU
S SUHVVXUH
F FRQFHQWUDWLRQRIVSHFLHV
' GLIIXVLRQ FRHIILFLHQWRIVSHFLHV
X DYHUDJHYHORFLW\RIIORZ
G FKDUDFWHULVWLFOHQJWKRIWKHIORZ
0LFURPL[HUVDUHLPSRUWDQWFRPSRQHQWVLQPLFURIOXLGLFV7KH\KDYHVLJQLILFDQFHLQELRPHGLFDODSSOLFDWLRQVDQG
FKHPLFDO DQDO\VLV ZKHUH ZH DUH LQWHUHVWHG WR PL[ GLIIHUHQW FKHPLFDOV %HUWKLHU HW DO  LQGLFDWHG WKDW LQ
PLFURVFDOH IORZVWXUEXOHQWHIIHFWVDUHDEVHQWDQGIORZVDUHLQKHUHQWO\ODPLQDUEHFDXVHRIWKHVPDOO OHQJWKVFDOHRI
WKH V\VWHP 0L[LQJ EHFDPH YHU\ FKDOOHQJLQJ GXH WR WKLV KLJK GHJUHH RI ODPLQDU QDWXUH DQG SULPDULO\ GXH WR
GLIIXVLRQ
:RQJHWDO KDYHGLVFXVVHG WKDWWKHIORZDQGPL[LQJRIVSHFLHVEHWZHHQ WZR LQFRPSUHVVLEOH1HZWRQLDQ
IOXLGVDUHJRYHUQHGE\1DYLHUVWRNHVHTXDWLRQFRQWLQXLW\HTXDWLRQDQGFRQYHFWLRQGLIIXVLRQHTXDWLRQDVVKRZQLQ
HTXDWLRQV   DQG  UHVSHFWLYHO\ :KLOH WKH IRUPHU WZR HTXDWLRQV JRYHUQ WKH IOXLG IORZ WKH FRQYHFWLRQ
GLIIXVLRQHTXDWLRQGHVFULEHVWKHVSHFLHVWUDQVIHULQIOXLGV\VWHP
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GLPHQVLRQDOSDUDPHWHUNQRZQDV5H\QROGVQXPEHU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
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WXUEXOHQWZKHUHDVPLFURVFRSLFIORZV DUH ODPLQDU5H\QROGVQXPEHULVDWWKHPRVWRIWKHRUGHURIRQH0RUHRIWHQ
WKH5H\QROGVQXPEHULVRIWKHRUGHURI
0LFURPL[HUVDUHFDWHJRUL]HG LQWR WZRDFWLYHDQGSDVVLYH %HUWKLHUHWDO KDYHGLVFXVVHGDERXW GLIIHUHQW
FDWHJRULHV RIPLFURPL[HUV $FWLYHPLFURPL[HUXVH DFWXDWHGGHYLFHV IRUPL[LQJZKHUHDVSDVVLYHPLFURPL[HUVXVH
RQO\WKHHQHUJ\RIWKHIORZDQGVSHFLDOJHRPHWULFDOGHVLJQVHQKDQFLQJPL[LQJRIVSHFLHV+HUHVSHFLHVWUDQVSRUWLQ
SDVVLYH PLFURPL[HUV HPSOR\LQJ JHRPHWULFDO IHDWXUHV OLNH REVWUXFWLRQV IRU LPSURYLQJ WKH PL[LQJ LV QXPHULFDOO\
LQYHVWLJDWHG )RXU GLIIHUHQW PRGHOV RI PLFURPL[HUV ZHUH FRQVLGHUHG E\ YDU\LQJ JHRPHWULF IHDWXUHV ZKLFK DUH
GHVFULEHG LQ IXUWKHU VHFWLRQV/DPLQDU IORZ UHJLPHZDV FRQVLGHUHG IRU DOO WKH FDVHV DQG WKH0L[LQJ 3HUIRUPDQFH
03ZDV FDOFXODWHGE\YDU\LQJ5H\QROGVQXPEHUWR
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PDQXIDFWXULQJSURFHVVEDVHGRQWKHSULQFLSOHRISKRWRSRO\PHUL]DWLRQ7KLVVWXG\DOVRLQYHVWLJDWHVWKHSRVVLELOLW\RI
IDEULFDWLRQ RI PLFURPL[HUVXVLQJPLFURVWHUHROLWKRJUDSK\6FDQQLQJEDVHGPLFURVWHUHROLWKRJUDSK\VHWXSZDVXWLOL]HG
IRUWKHIDEULFDWLRQRIPLFURPL[HU ZKLFKKDG DVWDJHWUDYHUVHUDQJHRI PPDORQJDOOWKUHHD[HV7KHPLFURPL[HU
VL]HKDVWREHZLWKLQWKDWVL]HDQGZDVFRQVLGHUHGZKLOHGHVLJQLQJPLFURPL[HUPRGHOV
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
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)RXU GLIIHUHQW PLFURPL[HU PRGHOV ZHUH FRQVLGHUHG IRU VLPXODWLRQ RI IORZ DQG PL[LQJ )LJ  GHSLFWV WKH
VFKHPDWLFRIPLFURPL[HUPRGHOV$OOWKHPRGHOVKDYHWZRLQOHWFKDQQHOVDQGRQHPDLQFKDQQHOZLWKDQRXWOHW
)LJ)OXLGLFFKDQQHOVRIPLFURPL[HUPRGHOV DPRGHOE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FPRGHOGPRGHO
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,QOHWFKDQQHOVDUHVWUDLJKWDQG DUHRIZLGWK ȝP7KHPDLQFKDQQHOLVPHDQGHUVKDSHDQGKDYLQJQXPEHURI
WXUQVHTXDOWRWHQ:LGWKRIWKHPDLQFKDQQHOLV ȝP0RGHOKDVDVLPSOHPDLQFKDQQHOZLWKRXWDQ\REVWUXFWLRQ
IRUHQKDQFLQJ WKHPL[LQJ ,QPRGHO WKHPDLQFKDQQHORI WKHPLFURPL[HUKDYHREVWUXFWLRQVRI LQFRPSOHWHFLUFOH
VKDSH 6TXDUH VKDSHG REVWUXFWLRQV DUH WKHUH LQ WKHPDLQ FKDQQHO RI0LFURPL[HUPRGHO  ,QPRGHO  ILQ VKDSHG
REVWUXFWLRQV DUH SODFHG LQ WKH PDLQ FKDQQHO RI WKH PLFURPL[HU 'LPHQVLRQV RI IOXLGLF FKDQQHOV RI GLIIHUHQW
PLFURPL[HUPRGHOVDUHVKRZQLQ)LJ
)LJ  6FKHPDWLFVKRZLQJGLPHQVLRQV PP RIPLFURPL[HUPRGHOV D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E PRGHOFPRGHO
7KH'PRGHOJHRPHWULHVZHUHPHVKHGXVLQJ$16<6,&(0&)' DQGWKHPRGHOVZHUHGHVFUHWL]HGLQWRTXDG
PHVKHV ZLWK WKH FKDQQHOV FRQVLVWHG RI  FHOOV DFURVV LW %RXQGDU\ FRQGLWLRQV VXFK DV LQOHWV DQG RXWOHWV ZHUH
DVVLJQHGWRWKHDSSURSULDWHERXQGDU\]RQHVLQWKHVDPHVRIWZDUH
 1XPHULFDODQDO\VLV
7KHPLFURPL[HUPRGHOVZHUHFUHDWHG LQ$16<6'(6,*102'(/(5DQG$16<6,&(0&)'ZDVXVHG IRU
PHVKLQJ WKHPRGHOV LQWR ILQLWHQXPEHURIFHOOV$QDO\VLVRIPL[LQJRI IOXLGV LQGLIIHUHQWPLFURPL[HUPRGHOVZDV
FDUULHGRXWLQE\&RPSXWDWLRQDO)OXLG'\QDPLFV&)'XVLQJ)/8(17
6LPXODWLRQVZHUH FDUULHGRXW DVVXPLQJ VWHDG\ VWDWH IORZDQG WKH VROYHUZDV VHW SUHVVXUHEDVHG)ORZ WKURXJK
PLFURFKDQQHOV LV ODPLQDU LQ QDWXUH GXH WR VPDOOHU GLPHQVLRQV 7KXV ODPLQDU PRGHO ZDV VHOHFWHG IRU VLPXODWLRQ
1DKHUHWDODQG)OXHQW,QF KDYHGHVFULEHGWKHVSHFLHVWUDQVSRUWPRGHO WRVROYHWKHVSHFLHVWUDQVSRUW
HTXDWLRQV 6SHFLHV WUDQVSRUWPRGHOZLWKRXW UHDFWLRQVZDV DSSOLHG WR VROYH WKH VSHFLHV WUDQVSRUW HTXDWLRQV IRU WKH
ORFDOPDVV IUDFWLRQRIHDFKVSHFLHV L< WKURXJK WKH VROXWLRQRID VSHFLHVFRQYHFWLRQGLIIXVLRQHTXDWLRQIRU WKH L WK
VSHFLHV7KLVFRQVHUYDWLRQHTXDWLRQWDNHVWKHIROORZLQJJHQHUDOIRUP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:KHUH L5 LVWKHQHWUDWHRISURGXFWLRQRIVSHFLHV L E\FKHPLFDOUHDFWLRQDQG L6 LVWKHUDWHRIFUHDWLRQE\DGGLWLRQ
IURPWKHGLVSHUVHGSKDVHSOXVDQ\XVHUGHILQHGVRXUFHV L- LVWKHGLIIXVLRQIOX[RIVSHFLHV L ZKLFKDULVHVGXHWRWKH
FRQFHQWUDWLRQJUDGLHQWV$QHTXDWLRQRIWKLVIRUPLVVROYHGIRU 1 VSHFLHVZKHUH 1 LVWKHWRWDOQXPEHURIIOXLG
SKDVHFKHPLFDO VSHFLHVSUHVHQW LQ WKH V\VWHP ,Q WKLVQXPHULFDO VWXG\ WKHUHDUH WZR IOXLGSKDVHFKHPLFDO VSHFLHV
SUHVHQWLQWKHV\VWHP
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6LQFHWKHLQYHVWLJDWLRQ LVFRQILQHGWRWKHHQKDQFLQJRIPL[LQJE\YDU\LQJGHVLJQWKHIOXLGLQMHFWHGWRERWKWKH
LQOHWV IRUPL[LQJZDVVDPHZLWKSURSHUWLHVRIZDWHUDQGQDPHGDV OLTXLG$DQG OLTXLG%7KHSURSHUWLHVRIZDWHU
XVHGIRU&)'VLPXODWLRQDUHVKRZQLQWKH7DEOH 
7DEOH 3URSHUWLHV RIIOXLGZDWHUXVHGIRU&)'VLPXODWLRQ
3URSHUW\ 9DOXH
'HQVLW\.JP 
6SHFLILFKHDW-.J. 
7KHUPDO&RQGXFWLYLW\:P. 
9LVFRVLW\ .JPV 
0ROHFXODUZHLJKW.J.JPRO 
2QWKHLQOHWERXQGDULHVYHORFLW\LQOHWFRQGLWLRQZDVXVHGDQGWKHSUHVVXUHRXWOHWFRQGLWLRQZDVVHWIRUWKHRXWOHW
$OORWKHUERXQGDULHVZHUHVHWWRWKHGHIDXOWRIZDOOE\PHVKLQJVRIWZDUH 2SHUDWLQJSUHVVXUHZDV VHWWRDWPRVSKHULF
SUHVVXUH
)DQJ HW DO  KDGXVHGDSDUDPHWHU0L[LQJ3HUIRUPDQFH 03 IRU GHWHUPLQLQJ WKH HIILFLHQF\RIPL[LQJ
)URPWKHVLPXODWLRQVWRTXDQWLI\WKHPL[LQJSHUIRUPDQFHWKHPDVVIUDFWLRQVRIHDFKOLTXLG$DQG%DWGLIIHUHQW
VHFWLRQVLQWKHPL[LQJFKDQQHODUHFDOFXODWHGDQGFROOHFWHG0L[LQJSHUIRUPDQFH03LVJLYHQE\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:KHUH LP LV WKH PDVV IUDFWLRQ LQ WKH L WK FHOO Q LV WKH QXPEHU RI FHOOV DQG P LV WKH DYHUDJH PDVV IUDFWLRQ
DFURVVWKHVHFWLRQ
 ([SHULPHQWDWLRQ
0LFURVWHUHROLWKRJUDSK\ ȝ6/ LV D QRYHO PLFUR PDQXIDFWXULQJ SURFHVV WKDW IDEULFDWHV ' PLFURVWUXFWXUHV E\
SRO\PHUL]LQJ SKRWRVHQVLWLYHPRQRPHU XVLQJ OLJKW LUUDGLDWLRQ LQ D OD\HUE\OD\HU IDVKLRQ 6KDIHHTXH HW DO 
KDYHGLVFXVVHGDERXWVFDQQLQJEDVHGPLFURVWHUHROLWKRJUDSK\LQKLVZRUN
)LJ 0LFURVWHUHOLWKRJUDSK\VHWXSDW&07,
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6FDQQLQJ EDVHG PLFURVWHUHROLWKRJUDSK\ V\VWHP )LJ  FRPSULVHV RI DQ DUJRQ LRQ ODVHU ZKLFK LV WXQHG IRU
HPLWWLQJQPPRQRFKURPDWLF89EHDP$QDFRXVWLFRSWLFPRGXODWRU$20LVXVHGIRUVHOHFWLQJWKHSUHIHUUHG
RUGHURIGLIIUDFWLRQRIWKHODVHUEHDPRSWLFDOPLUURUVIRUJXLGLQJWKHSDWKRIODVHUPPGLDPHWHU YDULDEOHDSHUWXUH
IRU WXQLQJ WKHEHDPVSRWGLDPHWHUDEHDPH[SDQGHU IRUH[SDQGLQJ WKH ODVHUEHDP89WUDQVSDUHQW IRFXVLQJ OHQV
DQG ;<= FRXSOHG OLQHDU WUDQVODWLRQDO VWDJHV ZLWK ;36 PRWLRQ FRQWUROOHU ,Q WKLV VHW XS YHFWRU E\ YHFWRU
IDEULFDWLRQRI HDFK OD\HU RI SRO\PHU LV REWDLQHGE\PRYLQJ WKHSUHFXUVRU DORQJ;<=GLUHFWLRQE\ IRFXVLQJ WKH
IL[HG89ODVHUEHDP
&RPPHUFLDOO\DYDLODEOH +H[DQHGLROGLDFU\ODWH  +''$6LJPD$OGULFK86$ZDV WDNHQDVPRQRPHU
DQG %HQ]RLQ (WK\O (WKHU %(( 6LJPD $OGULFK 86$ ZDV XVHG DV SKRWRLQLWLDWRU 7KH SUHFXUVRU IRU
SKRWRSRO\PHUL]DWLRQZDV SUHSDUHGE\DGGLQJVXLWDEOHFRQFHQWUDWLRQRI%((SKRWRLQLWLDWRULQWRWKH+''$
)URP$16<6'(6,*102'(/(5PLFURPL[HUPRGHOVZHUHH[SRUWHGWRFRPPHUFLDO&$'VRIWZDUH8* 1;
6FDQSDWKVIRUGLIIHUHQWPRGHOVZHUHFUHDWHGXVLQJ8*1;DVVWDQGDUG1&*FRGH1&*FRGHILOHVZHUHORDGHG
WR WKH/$%9,(: LQWHUIDFH$ WKLQ OD\HU RI SUHFXUVRU ZDV WDNHQRQ D VLOLFRQZDIHU DQGNHSW RQ WRSRI WKH OLQHDU
WUDQVODWLRQDOVWDJH7KHVWDJH PRYHVDORQJ;<=FRRUGLQDWHVEDVHGRQWKHPLFURPL[HUGHVLJQDQGWKHIL[HGODVHU
EHDPFXUHVWKHOLTXLGPRQRPHUWRDVROLGSRO\PHU
 5HVXOWVDQG'LVFXVVLRQ
1XPHULFDO DQDO\VLV XVLQJ&)' LV FRQGXFWHG IRU WKH IRXUPLFURPL[HUPRGHOV E\ YDU\LQJ LQOHW YHORFLW\RI ERWK
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